Methods and Materials

Genes, Antibodies and Compounds
The genes studied here are: human 125 I using ViTrax. HEK cell lines were purchased from ATCC. All chemicals and pharmacological compounds were from Sigma Aldrich and Tocris. The C57BL/6 background NACHO knockout mice (VG11586) were purchased from the KOMP (Gu et al. 2016) .
Cell Culture and Transfection
HEK-293T cells were cultured in high glucose DMEM medium supplemented with 10% FBS, sodium pyruvate and penicillin / streptomycin. Prior to transfection, cells were seeded at ~80-90% confluence. After 4 hrs incubation, cells were transfected with FugeneHD (Promega) according to the manufacture's protocol. For electrophysiology HEK cells in 6-well plates were co-transfected with 100 ng GFP plasmid + 1 µg each of nAChR subunit and NACHO or pcDNA 3.1 plasmids as indicated in the figure legends. For fluorescent labeling, cells in 8-well chamber slides were co-transfected with 0.5 µg each of nAChR subunit and NACHO or pcDNA3.1 plasmids as indicated in the figure legends. After two days incubation at 37°C, transfected cells were used for electrophysiological studies or immunostaining staining. Transfected cells were identified with GFP and co-transfection rates for up to 4 cDNA were >90%.
For radioligand binding experiments, HEK-293F cells (10 6 / ml) in 20 mL media were transfected using FreeStyle TM MAX as recommended by ThermoFisher. Transfections used 8 µg each of nAChR subunit, NACHO, RIC-3 or pcDNA3.1 plasmids as indicated. Following overnight transfection, cells were pelleted, media was removed, cells were resuspended in media, and cells were incubated for 24 hours prior to lysis.
Immunofluorescent and α-Bgt Staining
For surface staining, cells were incubated with 1 µg/ml α-Bgt or fluorescently-labeled antibodies in culture medium for 30 min at 37°C. Cells were then washed and fixed with 4% paraformaldehyde. As indicated, cells were permeabilized with 0.3% Triton X-100 and incubated with antibodies or α-Bgt. Following incubation with secondary antibodies, cells were washed and mounted with DAPI-containing medium. Images were captured using a Zeiss M2 Imager. Fluorescence measurements are quantified in arbitrary units and can be reliably compared for a single receptor type in the presence or absence of NACHO or nicotine.
Electrophysiology
HEK293T cells were transfected using standard FugeneHD conditions. On day of experiments (48-72 hours post-transfections), cells were transferred to the recording chamber submerged into the extracellular solution composed of (in mM): 137 NaCl, 10 HEPES, 5 glucose, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , pH 7.4, 300 mOsm. Whole-cell recordings were acquired using intracellular solution composed of (in mM): 140 potassium gluconate, 10 HEPES, 4 Mg-ATP, 0.4 Na-GTP, and 0.6 EGTA (pH 7.3). Fast perfusion of compounds was achieved with the Perfussion Fast-
Step system (Warner Instruments). All recordings were done at room temperature and the membrane potentials were held at -60 mV. Recordings were performed using AxoPatch 200B amplifier (Molecular Devices), signals were filtered at 2 kHz and digitized at 10 kHz. Data acquisition and on-line analysis were done using pClamp 9 (Axon Instruments).
Saturation Binding Assays
For membrane preparation from cultured HEK 293F cells, transfected or untransfected cells were harvested and resuspended in 50 mM ice cold TrisHCl buffer (pH 7.4). Cells were homogenized for 30 seconds at high speed using a Ika T-25 Ultra-Turrax homogenizer. Cell membrane preparations were made by centrifugation at 30,000 x g for 20 minutes at 4°C. Membrane pellets were resuspended in Tris buffer and homogenized for another 30 seconds. For brain membrane preparation, dissected hippocampus, striatum and cortex from 4 WT or 4 KO mice were separately homogenized in 10 ml of 50 mM ice cold TrisHCl buffer (pH 7.4) for 30 seconds at high speed. The homogenates were centrifuged at 1000 x g for 5 minutes to remove non-homogenized tissue. Supernatants were collected and centrifuged at 30,000 x g for 20 minutes at 4°C. Membrane pellets were resuspended in TrisHCl buffer and homogenized for another 30 seconds. Protein concentrations were determined with BCA assays using a commercial reagent (Thermo Scientific).
[ Superior cervical ganglia were dissected from P7 mice and sonicated in buffer containing 20mM HEPES, pH 7.4 and 1 mM EDTA. Total protein concentration was determined by BCA assay. Samples were incubated with 1 nM [ 3 H]epibatidine in a 96-well plate for 2 hrs. Non-specific binding was determined by co-incubating with 1 µM unlabeled epibatidine. Filtration assays was performed as above.
[ 3 H]α-bungarotoxin Binding
Experiments were done as previously reported (Lukasiewicz and Bennett, 1978) . Briefly, 50 µl whole brain membrane preparations was incubated with 40 μl [ 3 H]α-bungarotoxin in buffer (50mM TrisHCL, pH 7.4, 0.1% BSA, 5mM EDTA) for 1 hr at RT. Non-specific binding was determined by co-incubation with 1 µM unlabeled α-bungarotoxin. Unbound bungarotoxin was removed by centrifugation at 14,000 x g for 10 minutes at 4°C. After three similar washes, membrane pellets were resuspended and incubated with scintillant. The [ 3 H]α-bungarotoxin binding was quantified using TopCount.
[ 125 I]conotoxin MII Autoradiography
Conotoxin MII autoradiography was performed as described (Whiteaker et al., 2000) . Briefly, fresh frozen 20 µm sections from 12 week old wild type or knockout mouse brain were thaw mounted on Superfrost® Plus (VWR) slides and stored at -80 °C. Slides were pre-incubated for 20 minutes at RT in 144 mM NaCl, 20 mM HEPES, 2 mM CaCl 2 , 1.5 mM KCl, 1mM MgSO 4 , 1 mM phenylmethylsulfonyl flouride with 0.1% BSA and allowed to dry, then incubated with [
125 I]α-conotoxin MII (0.5 nM; in pre-incubation buffer supplemented with 5mM, EDTA, 5mM EGTA, and 10 μg/ml of each Aprotinin, Leupeptin and Pepstatin A for 2 hr at RT. Non-specific binding was assessed by inclusion of 10 µM unlabeled epibatidine. At the end of the incubation, sections were washed 3 times (5 min each) in ice cold pre-incubation buffer followed by 2 dips in deionized water and rapidly dried under a stream of cold air. Images are captured with β-Imager DFine over a 72 hr acquisition period (Biospacelab, Paris, France).
[ 125 I]epibatidine Autoradiography Epibatidine autoradiography was performed described (Zoli et al., 1998) . Briefly, fresh frozen 20 µm sections from 12 week old wild type or knockout mouse brain were thaw mounted on Superfrost® Plus (VWR) slides and stored at -80 °C. Slides were pre-incubated for 30 minutes at RT in 50mM Tris and allowed to dry, then incubated with [ 125 I] epibatidine (0.1 nM; in 50 mM Tris for 1 hr at RT. Non-specific binding was assessed by inclusion of 10 µM nicotine. At the end of the incubation, sections were washed 2 times (5 min each) in ice cold pre-incubation buffer followed by 2 dips in deionized water and rapidly dry under a stream of cold air. Images are captured with β-Imager DFine over a 72 hr acquisition period (Biospacelab, Paris, France).
[ 125 I]RTI-55 Autoradiography RTI-55 autoradiography used fresh frozen 20 µm sections from 12 week old wild type or NACHO knockout mouse brain were thaw mounted on Superfrost® Plus (VWR) slides and stored at -80°C. Slides were pre-incubated for 15 minutes at RT in 50mM TrisHCl with 120mM NaCl, allowed to dry, and then incubated with [
125 I]RTI-55 (0.05 nM; in pre-incubation buffer for 1 hr at RT. Non-specific binding was assessed by inclusion of 10 µM GBR-12935. At the end of the incubation, sections were washed 2 times (10 min each) in ice cold pre-incubation buffer followed by 2 dips in deionized water and rapidly dry under a stream of cold air. Images are captured with β-Imager DFine over a 72 hr acquisition period (Biospacelab, Paris, France).
Subcellular Fractionation
Subcellular fractionation of mouse brain was performed as described (Kato et al., 2007) . Briefly, five mouse forebrains were homogenized using a glass Teflon pestle grinder in buffer containing 0.32 M sucrose, 10 mM HEPES, pH 7.4 and 1 mM PMSF). The homogenate was subjected to differential centrifugation to yield P1, P2, P3 and P4 as indicated ( Figure 3C ). The P2 fraction was further purified to obtain synaptosomes by discontinuous sucrose gradient using 0.8 M, 1.0 M and 1.2 M. The fraction containing synaptosomes was solubilized in 0.5 % Triton X-100 for 15 min and centrifuged to produce the Tx and PSD fractions. Equal amounts (15 µg) of protein from these fractions were separated by SDS PAGE and analyzed by immunoblotting.
Data Analysis
Apparent B max and K D for radioligand binding were determined from nonlinear curve-fitting analyses of binding saturation curves (GraphPad Software, Carlsbad, CA). Analyses involving two datasets were performed with an unpaired T-test. Analyses involving three or more datasets were performed with a one-way ANOVA using GraphPad Prism software. Significance was set as p < 0.05.
Phenotyping of NACHO Knockout Mice
All phenotypic studies of NACHO knockout mice (on C57BL/6 background) were done by Psychogenics (Tarrytown, NY). Mice were assigned unique identification numbers (tail marked) and were housed in OptiMICE ventilated cages. Studies were all randomized and done by investigators unaware of mouse genotype. Animals were maintained on a 12/12 light/dark cycle. The room temperature was maintained between 20 and 23°C with a relative humidity maintained between 30% and 70%. Chow and water were provided ad libitum for the duration of the study. Body weight was measured once a week for the duration of testing. All behavioral studies used 15 animals of each genotype per group. Male mice were used for behavior studies. Data analysis involving two datasets were performed with an unpaired T-test. When indicated, ANOVA was performed on analysis involving 2 factors (genotype and time course of stated measurements). Significance was set as p < 0.05.
Locomotor activity
Locomotor activity of 11 week old mice was assessed in an open field (27.3 x 27.3 x 20.3 cm; Med Associates Inc., St Albans, VT) surrounded by infrared photo beams (16 x 16 x 16) to measure horizontal and vertical activity. Total distance traveled and number of rears were summed during a 60 minute test.
Morris Water Maze
The Morris Water Maze was performed with 16 week old mice in a circular tank, measuring 48" in diameter. The water was approximately 24-25" deep, colored white with non-toxic paint, with an invisible platform of 6.75" diameters, 23" high. The water was maintained at 25 o C ±1 o C. Extra-maze cues were mounted around the water tank. Trials were video recorded and analyzed by a computer program (WaterMaze; Actimetrics, Wilmette, IL).
Invisible platform training and probe test: On 5 consecutive days of the first week, test sessions were conducted with the platform submerged approximately 1.3 cm below the surface of the water. On each day, there were four 60-s long trials, with a 15-min inter-trial interval. On the fifth day of training, the last trial (out of 4) consisted of 60 s without the platform (probe trial). The platform position and release points were counterbalanced across genotypes. Measured were time to reach the platform (training trials) and percent platform crossings (probe trial).
Spontaneous Alternations (Y-Maze)
Each mouse at 13 weeks of age, was allowed to explore the Y-maze for a single trial lasting 10 minutes. Measures include percent alternations and total number of arm visits. Alternation is defined as visits to all three arms of the Y-maze without revisiting any arm.
Acoustic startle
Mice at 11 weeks of age were placed in the prepulse inhibition (PPI) chambers (Med Associates Inc.; St Albans, VT) for a 5 min session of white noise (70 dB) habituation. Then the session started with a habituation block of 6 presentations of the startle stimulus alone, followed by 10 PPI blocks of 6 different types of trials [null (no stimuli), startle (120 dB), startle plus prepulse (4, 8, and 12 dB over background noise i.e. 74, 78, or 82 dB) and prepulse alone (82 dB)] presented at random within each block. In startle alone trials, the basic auditory startle was measured. In prepulse plus startle trials, the amount of inhibition of the normal startle was measured as a percentage of the basic startle response (from startle alone trials), excluding the startle response of the first habituation block.
Elevated Plus Maze
The elevated plus maze (EPM; Hamilton Kinder) consisted of two closed arms (14.5 h x 5 w x 35 cm length) and two open arms (6 w x 35 l cm) forming a cross, with a square center platform (6 x 6 cm). Mice at 12 weeks of age were placed in the center of the elevated plus maze facing an open arm for a 5-min test. The time spent, distance traveled, and entries in each arm were automatically recorded.
Marble Burying
For marble burying, 12 week old mice mice were placed individually in clean mouse cages containing approximately 6 cm of hard wood bedding and twenty black marbles placed in spaced rows of 5 for 30 min. Distance traveled during the test was captured by cameras and quantified using Video Tracker Software (ViewPoint Life Sciences Software, France). At the end of the test, mice were removed from the cages and the number of unburied marbles was counted. A marble was considered buried if it was covered at least two thirds with bedding.
Tail Suspension
For the Tail Suspension test, 13 week old mice were suspended into the Tail Suspension chamber (white polyvinylchloride cubicles measuring 33 x 33 x 31.75 cm, Med Associates, Inc.; St. Albans, VT). The observation period began immediately after the animal was suspended and ran
